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ABSTRACT   
A new method for the synthesis of colloidal gallium nanoparticles (Ga NPs) based on the thermal evaporation of Ga on 
an expendable aluminum zinc oxide (AZO) layer is presented here. The growth of AZO layers was investigated on 
different substrates at room temperature and 300 ºC. By means of physical evaporation process, nanoparticles were 
deposited with a distribution ranging from 10 nm to 80 nm in diameter. A study of their endurance in acidic environment 
was carried out in order to assure the NPs shape and size stability during the etching process. Smaller particles start to 
disappear between 1h and 2h immersion time in a pH=1 solution, while bigger particles reduce their dimension. The NPs 
were dispersed in tetrahydrofuran (THF) organic solvent and optically characterized, showing strong UV absorption with 
a band centered at 280 nm. The colloids size distribution of as-evaporated samples was compared with the distribution 
obtained in droplets of the solution after drop-casting. By Dipole Discrete Approximation simulations, a close 
relationship between the UV absorption and the NPs with diameter smaller than ~40 nm was found. Because of the 
gallium oxide (Ga1-xOx) outer shell that surrounds the Ga NPs, an enhancement of their hydrophobicity occurs. Hence, 
the low agglomeration state between NPs in tetrahydrofuran allows to obtain narrow absorption band in the optical 
spectrum.  
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1. INTRODUCTION  
The use of nanoparticles made of metals or oxide materials has been employed in many of applications such as drug 
delivery1, disinfection2 and biosensing3,4. The key of their success lies on the unique chemical and physical properties of 
the NPs due to the large surface-to-volume ratio in comparison to the same bulk material. Typically, colloidal NPs are 
synthetized by chemical process, where the metal salt reacts with further additive in aqueous or organic media. The 
addition of surfactants for the stability of the colloidal solution is needed, in order to avoid agglomeration. Other 
fabrication based on physical process are also possible5,6,7 but the use of toxic reagent makes them less eligible for 
health-care applications8. Recently, the use of gallium nanoparticles has had a main role on cutting edge investigation 
due to their unique plasmonic characteristic in the UV part of the spectrum9,10.  
Here we propose a new method for the colloidal Ga NPs synthesis. The process involves the physical vapor deposition 
(PVD) of nanoparticles under vacuum condition on an aluminum zinc oxide expendable layer. The Ga NPs distribution 
can be modified by changing deposition parameters such as the gallium weight or the evaporation time and power. The 
use of PVD process reduces the cost, improves the reproducibility of the NP preparation, and enables pre-
functionalization and size tuning separately from the selected solvent. The method can be easily scaled to large coverage 
areas to increase the Ga NP concentration in the colloidal solution. Moreover, in comparison to other methods, it 
produces a minimum amount of contaminant wastes. 
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Optical characterization was carried out in tetrahydrofuran (THF) organic solvent to investigate the NPs behavior 
especially in the UV range, where they show high absorbance characteristic. 
 
 
2. EXPERIMENTAL  
The substrates, Si (100) and glass, with an area of 1 cm2, were cleaned by immersion for 1 minute in an aqueous solution 
of 40 % fluorhydric acid and acetone respectively. The aluminum zinc oxide expendable layer was deposited on both 
substrates by an Alcatel A450 RF sputtering equipment. The growth conditions were RF 150 W power, in a 50 sccm Ar 
flow (10-2 mbar) to sputter the AZO target (ZnO / Al2O3, 2% standard doping) during 10 minutes, both at 300 ºC. Prior 
to the deposition, the target was sputtered for 1 minute to remove impurities. The thickness of the layer, determined by 
profilometry, was 300 nm. Atomic force microscopy images show that the grain size depends on the substrate used 
(figure 1). The expendable layer material was chosen taking into account the following consideration:  fast etching in 
moderately acidic solutions compatible with Ga and a reasonable roughness that does not inhibit the self-assembled 
mechanism of Ga NPs. 
 
 
 
 
 
 
 
 
 
Figure 1. AFM images of the AZO layer at 300 oC grown on (a) silicon and (b) glass 
 
Gallium NPs were evaporated on the sample with the use of a Joule-effect Edwards E306 evaporation system. For our 
process, 0.28 g of solid Ga (99.999999% purity) was heated for 30 seconds with a 50 W DC power under 10-6 Torr 
vacuum pressure. The sample were positioned 20 cm far from the Ga crucible and an ice cooling system was used. It 
helped to keep the substrate temperature as low as possible to limit the metal surface mobility during the nucleation 
process. The lower the mobility the smaller the NPs can grow without coarsening. 
To prepare the colloidal solutions, several vials of 3 ml volume were filled with tetrahydrofuran organic solvent. The 
THF was chosen because of its peculiar chemical properties, in order to study the colloidal optical absorption. After Ga 
deposition and extraction from the evaporation system, the sample was immersed in a phosphoric acid/acetic 
acid/deionized water (1:1:75) bath to etch the AZO layer and weaken the NPs bonds with the substrate, rinsed in water 
and promptly inserted into the selected solvent. Finally, an ultrasound treatment for 90 seconds was used to release NPs 
from the hard support and let them be dispersed into the liquid.  
In order to characterize the sputtered AZO layer surface, it was used an Agilent PicoPlus 5500 atomic force microscopy 
(AFM) operating in dynamic mode. To obtain the microscopy images of the sample instead, it was used a Philips XL30 
S-FEG scanning electron microscope under a 10-3 bar vacuum pressure at room temperature. The colloidal solution was 
drop casted on a clean silicon substrate inside a clean room of class 1000 and promptly analyzed in order to avoid 
possible contamination effects. The images were analyzed by Gwyddion software to estimate nanoparticles size and 
distribution14. Regard to the UV/visible colloidal absorption spectra, they were acquired by a Thermo Scientific GO 
spectrophotometer. For the analysis, colloidal solution was poured in a quartz cuvette using the same colloidal solvent as 
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reference. By means of the equipment, temperature was fixed at 25 oC and exposed to a light ranging from 200 nm to 
1000 nm in wavelength, with a system resolution of 1 nm.  
 
 
3. OPTIMIZATION OF GA NANOPARTICLES SYNTHESIS 
A study of the expendable layer was carried out in order to identify the most appropriate growth conditions for our 
synthesis. Previous comparison between AZO layer grown on Si and glass substrate was investigated, both at room and 
300 oC growth temperature. By the atomic force measurement resulted that the high temperature process allowed bigger 
grain size for both substrates, yielding a more uniform etching of the expendable layer. Figure 1 shows the AFM images 
of the AZO layer grown on Si and glass at 300 oC. The silicon sample exhibits bigger grain size compared to the glass 
one and the measured average roughness were 13.6 nm and 9.2 nm, respectively. The higher the roughness, the bigger 
the surface area on which the Ga NPs may grow leading to higher yield.  
In addition, the effect of acidic environment on Ga NPs was investigated for 1 minute, 1h, 2h and 8h etching times. The 
NPs were evaporated on a bare glass substrate without AZO layer and immersed in phosphoric acid/acetic acid/deionized 
water solution (pH=1). The NPs size distribution did not change for etching times shorter than a few minutes and remain 
the same of the un-etched case (figure 2.a). For longer times instead (figure2.b), particles with smaller radius start to 
disappear and bigger particles reduce their size. Since the Ga NPs are surrounded by a thin (1-3 nm) oxide shell13, their 
endurance depends of the chemical stability of the gallium oxide and the metal gallium under acidic environment. The 
outer oxide may dissolve in a few minutes11, while metal gallium is supposed to be slightly affected by the acids. But a 
new oxide shell constantly replaces the preexisting dissolved layer and as time passes the inner metal gallium reduces its 
volume until it totally disappears. For this reason, the etching process in our synthesis has been kept under 1 minute, in 
order to avoid possible damages or changes in the NPs morphology. 
 
 
 
 
 
 
 
 
 
 
 
Figure 2. SEM images of Ga NPs evaporated on bare glass: (a) un-etched and (b) 2 h etched. Most of the small NPs 
disappear after etching creating a different size distribution. Images bars are 1 µm long. 
 
Figure 3 shows the SEM images of the evaporated Ga NPs on etched AZO layer both on Si and glass substrate (figure a 
and d). The etching was performed for 5 s (figure b and e), 10 s (un-shown) and 20 s (figure c and f) on the AZO etching 
bath as specified in the experimental session. The arrows in the images indicate the expendable layer sites that were 
attached until most of the material disappears. The solution starts etching the substrate in the regions between particles 
with a non-uniform rate and after 5-10 seconds etching does not produce significant changes. Between 10 and 20 
seconds instead, the etching becomes faster and most of the material is dissolved. The AZO layer grown on Si disappears 
quicker and with higher homogeneity than in the glass sample as shown in figure 3.c and 3.f, respectively. In this case, 
the probability of NPs detachment from the substrate increases and a more concentrated solution is achieved during the 
ultrasound treatment. Moreover, there were not observed relevant changes in shape or size during the etching process. 
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Notably, as both images c and f show, the particle have a hemispherical shape. Considering these results, the sample with 
NPs on AZO layer grown on Si substrate has been demonstrated the most suitable choice to assure higher yield and 
reproducibility of our colloidal synthesis.  
 
          
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 3. SEM images of Ga NPs on etched AZO layer for different times and substrates. On Si: (a) as-grown, (b) 5 s 
etched, (c) 20 s etched. On glass: (d) as-grown, (e) 5 s etched, (f) 20 s etched. Arrows mark the etched regions of the AZO 
layer. Images bars are 200 nm long. 
 
 
4. OPTICAL ABSORPTION OF GA NANOPARTICLES  
After the process optimization, Ga NPs colloids in THF solution were prepared and optically characterized. The stability 
of dispersed particles in a solution is influenced by their agglomeration state, which is mainly related to two factors: the 
NP/liquid interface and the specific chemical properties of the used solvent. In order to compare the size distribution of 
the as-grown Ga/AZO/Si sample and a drop-casted sample taken from the colloidal solution, SEM images were taken in 
both cases. As shown in Figure 4.a and b both samples have similar shape and dimension. Indeed, the NPs size is mostly 
preserved and higher occurrence of particles between 50 and 100 nm has been found. The reason of the increase for that 
specific range can be related to possible NPs breaking, while they separate from the substrate. During the detachment, 
the broken particles divide in smaller ones causing a reduction of the bigger NPs in the drop-casted distribution (bigger 
than 100 nm). Furthermore, SEM investigation reveals that, in the case of gallium on AZO, the NPs have a hemi-
spherical structure similar to the one shown in Figure 2.f. Depending on the growth surface wettability of the evaporated 
material, nucleation process can change and give different NP shape14. When the NPs get in contact with oxygen, an 
outer oxide shell covers the metal core and preserves the obtained geometry. 
Optical characterization on THF colloidal Ga NPs sample was carried out in the UV/visible range. Because of the high 
absorption of THF solvent at wavelengths smaller than 220 nm, only the data for values above of 250 nm were 
considered reliable. The colloid absorption (figure 5.a) shows a well-defined band between 260-300 nm with two peaks 
centered at 273 nm and 285 nm likely related to the broadening of the NPs size distribution. The narrow absorption of 
the colloidal solution suggests that nanoparticles are in a low agglomeration state. Their stability may depend on the 
hydrophobic oxide shell which allows good stability in THF solvent, as other groups have already investigated12. In 
order to correlate the absorption band with the colloidal Ga NPs distribution, samples with different evaporation time 
were synthetized. As expected, an enhancement of the absorption was obtained for higher NPs concentration in the 
solution. 
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The contribution of the different NPs sizes on the light absorption was theoretically studied through discrete-dipole 
approximation made with DDSCAT software15. The simulated structures were liquid gallium hemispheres surrounded by 
1 nm native oxide shell in THF solvent. The optical constants of the metal and oxide were taken from Knight et al.13 and 
Rebiena et al.16. The NPs diameter ranged between 10 to 160 nm in order to reproduce the physical properties of the NPs 
found in the drop-casted sample. The studied wavelength range spans from 255 nm to 800 nm. The simulation considers 
a circular polarized light beam impinging on the particle. Interaction cutoff parameter was set as high as possible with a 
value of 3*103, with an error tolerance of 10-4. Figure 5.b shows the absorption efficiency (QABS) which depends of the 
target cross sectional area. Interestingly, the 30 nm diameter structure shows the highest absorption compared to the rest 
of structures. This is because QABS is directly proportional to the particle radius while QSCAT is proportional to the forth 
power of it. This behavior makes possible to obtain an optimum NP size to achieve high absorption and low scattering. 
The NPs smaller than 40 nm exhibit a well-defined single peak resonance located in the UV region, while, for bigger 
particles, absorption bands are present along the whole range. Hence, the bigger the structure the less it absorbs in the IR 
range, due to an increase of scattered light. For this reason, the measured colloidal absorption band was ascribed to NPs 
smaller than 40 nm and bigger particles do not play a primary role in shaping the absorption. It is possible that NPs 
larger than 40 nm may be responsible of the bumped absorption area between 300 and 500 nm showed in the 
experimental colloidal spectrum.  
 
 
 
 
 
 
 
 
 
 
 
 
Figure 4. SEM images and the corresponding histograms of (a) as-grown Ga NPs and (b) drop-casted NPs on Si. Images 
bars are 1 µm long.  
 
 
5. CONCLUSION 
In this work, we have proposed a new method to synthetize colloidal Ga NPs in THF solution. The inner metal makes the 
nanoparticles endure up to some hours before to completely dissolve due to oxidation process between the nanoparticle 
and the surrounding medium. Notable strong absorption in the UV range was measured for the colloidal in THF solution, 
which makes our sample eligible for a wide range of application in the (bio)sensors field. The measured absorption band 
was correlated with the obtained gallium nanoparticle distribution using DDA simulations. It was observed that 
nanoparticles with diameters smaller than 40 nm may be responsible of the characteristic absorption of our colloids. With 
this particular colloidal preparation method, most of the chemical processing drawbacks such as low process success and 
additive contamination are overcome. Nonetheless, the nanoparticles transferred from a hard substrate to the chosen 
solvent allows their previous functionalization by ion implantation or chemical and thermal treatments. Finally, as 
demonstrated in previous works, it is possible to functionalize the solution with thiols through the formation of S-Ga 
bonds, which opens the possibility of developing high sensitivity systems for molecular imaging in combination with 
DNA and biological sensor in a broad range of applications. 
(a)  (b)
Proc. of SPIE Vol. 10231  1023127-5
035
Ga NPs in THE
0.25
1.5
1 . 0 - - ---- --------------
_ _ _
""
0.0
300 350 400 450 500 550 600
Wavelength (nm)
cd
020
o
0.15
ñ
o.o
U.US
0 .00
300 350 400 450 500 550 600
Wavelength (nm)
3.0
d=10nm
1
2.5
a= io nm
-- d= 20 nm
-- - - - d= 30 nm
A,
2.0 d= 80 nmd= 160 nm
Figure 5. Absorbance of colloidal Ga NPs on a THF solution (a) measured by spectrophotometer. The absorption peaks in 
the UV region (260-300 nm) are ascribed to the smaller Ga NPs shown in Figure 4b. (b) Simulation of different NPs 
diameter investigated the absorption band origin. 
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